The sizeable increase in metal forming friction at micro scale, due to the existence of size effects, constitutes a barrier to the realization of industrial micro forming processes. In the quest for improved frictional conditions in micro scale forming operations, friction tests are applied to qualify the tribological performance of the particular forming scenario. In this work the application of a simulative sliding friction test at micro scale is studied. The test setup makes it possible to measure the coefficient of friction as a function of the sliding motion. The results confirm a sizeable increase in the coefficient of friction when the work piece size is scaled down.
Introduction
It is well established that the high friction encountered in micro forming is one of the key barriers prohibiting the evolution of this process into an industrial process. Recapitulating on the size effects in micro forming, main contributors to the increased friction are the influence of the increased ratio of open to closed lubricant pockets in combination with the in-scalability of the surface roughness [1] [2] [3] . These effects, leading to challenging tribological conditions in micro forming, have been reported to induce a range of complications in application of the micro forming process. The dominant increase in friction can lead to galling, excessive tool load, reverse forming and degradation of the surface finish of the formed work piece.
Metal forming friction test can be divided into two groups, named simulative and process test, according to the degree of resemblance between the test and the metal forming operation in question. The Double Cup Extrusion test (DCE-test), often applied in micro forming friction testing, is the example of a friction test belonging to the group of process tests. The DCE-test offers realistic process conditions but is difficult to perform and assess due to closed die nature of the test. Furthermore, the DCE test results are based on the averaged friction value over the cup sliding length.
The Micro Tribology Tester (MTT) was developed to allow direct testing of scaling effect in micro forming friction and lubrication [4] . The MTT test applied in this work is considered as a simulative friction test. The MTT is constructed using a double sliding friction test principle. An illustration of the test principle is shown in Figure 1 . Two work piece specimens are upset against opposing sides of a flat tool element. The tool element is then pulled out while the resulting friction force F is measured. The test principle offers several advantages when compared with the DEC-test, including easy visual inspection of tool and work piece surfaces, continuous measurement of friction coefficient over the complete sliding length and reduced sensitivity to mechanical tolerance deviations of work piece and tool elements. 
Test equipment
The micro tribo tester. The micro tribo tester is constructed as general purpose equipment with the ability to test micro tribology under a wide range of process parameters. The machine is made up of three servo actuators which can be independently controlled from a custom software package. The three actuators are responsible for the workpiece upsetting motion, the tool sliding motion and the alignment between the upsetting and sliding motion. An integrated load cell measures the normal force during upsetting and friction measurements, while a custom strain gauge based transducer, measures the magnitude of the friction force. Exchangeable workpiece holders make it possible to insert cylindrical shaped workpieces with diameters ranging from 0.3-3mm. Workpiece deformation strains from 0 to -1 can be achieved through adaption of the workpiece length and the stroke length of the upsetting motion. The complete systems is build around two standard four-column die sets, ensuring alignment and stiffness of the system. A schematic overview of the micro tribo tester is shown in Figure 2 . A graphical user interface allows the user to specify the upsetting strain and drawing speed and length of the friction test. Further, the rate of load cell sampling can be set.
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The key design parameters of the MTT-system are summarized below: Tool and work piece manufacturing. The oblong tool inserts made from PM tool steem material , (Uddeholm's Vanadis 4E) were manufactured using the wire-EDM process. Apart from cutting the tool contour from bulk, the wire-EDM process was used to structure the surfaces of the tool facets that are in contact with the workpieces. Through the selection of different wire-EDM process parameters, tool surfaces with a deterministic mean surface roughness, Ra, and a high degree of random height surface profile are generated. The tools featuring low surface roughness of Ra 0.1µm and 0.01µm were also processed using wire EDM and subsequently polished using cloth and diamond paste. The surface roughness parameters were established for all tools using a stylus roughness measurement method. The intended and measured roughness parameters are shown in Table 1 .
The soft α-copper alloy CnZn15 was chosen as work piece material. This alloy has previously been employed in other micro friction experiments and is widely used in fine blanking industrial processes. The cylindrical workpiece specimens with diameters Ø1 and Ø2 mm are cut using a wire-EDM process with process parameters yielding a surface roughness on the end facets of Ra 0.7 µm. The length was adjusted to achieve a length reduction of 40% (ε = -0.4) after upsetting in the MTT test. 
Results and discussion
Apart from the parameters related to the physical properties of the experiment, a number of parameters governing the dynamics of the experiment have to be established. These are the upsetting speed, governing the strain rate during the initial upsetting motion of the work piece specimens; the sliding speed, being the speed with which the translocation movement is executed and finally the sliding distance being the total length of the translocation movement. The parameter values in this test are: upsetting speed = 1.2 mm/s, sliding speed 5 mm/s and a work piece material height reduction of 40 %. These parameters have been chosen on the basis of previous tests on the MTT equipment. The sliding distances were chosen to be 2.5 mm and 1.4 mm for the billets with nominal diameter of Ø2 mm and Ø1 mm respectively. Each combination of specimen diameter and tool insert was repeated three times, yielding a total of 24 tests. A thin layer of Kubitrac 4096-1 lubricant was applied to the tool and workpiece surfaces prior to execution of the experiment.
The measured friction coefficient µ for the Ø1 mm case is shown in Figure 4 , where the error bars indicate the calculated 95% confidence interval It can be noted that there is a correlation between surface roughness and the measured friction. Further, the friction curves belonging to the cases of tool roughness Ra 0.35 and 1.8 µm progress much like a material flow curve. Assuming that this is the case, the curve would indicate the averaged shear stress of the work piece material asperities in engagement with the harder work piece material. This shearing mechanism can generally not be regarded as a tribological phenomenon; as severe shearing of asperities are not covered by conventional friction theories. Continuing onto the friction graphs for the Ø2 mm cases, shown in Figure 5 , the overall tendencies are comparable to the Ø1 mm case. Further, with the exception of the tool specimen with a surface roughness of Ra 1.8 µm, the overall friction coefficient have been reduced by about 20 %. These observations are clearly seen at the bar chart of Figure 6 , summarizing the measured coefficient of friction at the end of the sliding motion. The bar chart shows a reduced friction for the Ø2 mm case in three out of four cases. Further, when comparing the graphs of Figure 4 and Figure 5 , a tendency of increased scattering of the measurement values can be observed for the Ø1 mm case. Further, the slope of the measured coefficient of friction exhibits a general steeper slope in case of the Ø1 mm specimens for the case of tool surface roughness Ra=0.1 and Ra=0.01. This might indicate faster escape of entrapped lubricant for the Ø1 mm case. For each tool roughness and diameter combination, a total of 3 tests have been performed. Using the same lubricant at the tool/workpiece interface and the same surface roughness of the specimens, the curves in Figure 4 and Figure 5 show increase in friction with increasing tool roughness. A slight friction increase between the bigger 2 mm specimen and the smaller 1 mm specimen is noted. This behavior is likely to be attributable to the known size effects in tribology. Further, the noted scatter effect for the smaller 1 mm specimens complies with the established theory, dictating that the ratio between open and close lubricant pockets increase when down-scaling the specimen dimensions.
The high scatter of the measurements for the tool with Ra=0.35 µm is likely to be attributed to physical variance in lubricant entrapment along the path of translocation, as the lubricant is more likely to escape.
The high values of friction coefficient µ, acquired during the test using tools with the highest surface roughness, are comparable to values obtainable under dry test conditions. Visual investigation of the tool after test showed pick up of workpiece material on the tool in every roughness case tested. However, the severity of the pickup during test is strongly correlated with the tool roughness parameter. Thus, for the tools having the highest roughness, the course of the friction curve is more to be regarded as a shear friction measurement than a friction measurement. A thesis could be formulated that at higher roughness values the lubricant is escaping due to the large size of the surface voids, thereby increasing the area of real contact.
This leads to grinding of the work piece material against the hardened tool.This observation is supported by the progress of the friction curve for the tool having a roughness of Ra=0.35 µm . At this roughness, the tool starts out as well lubricated. However, as the sliding length increases, allowing the lubricant to escape, the friction coefficient increases.
As a final remark it should be noted that the simulative MTT should be regarded as an open die forging scenario, whereas the DCE-test is to be regarded as a close die operation. This makes direct comparison to other friction tests with comparable materials, surface roughness and lubrication difficult [5] .
Conclusion
A new Micro Tribology Tester machine has been proposed for assessment of micro friction in open die micro forming scenarios. The two-piece compression and simultaneous sliding of intermediate die friction test principle was used. A series of friction test were conducted on a α-copper alloy work piece material in combination with a normal hardened PM tool steel. Four variants of tools were used with surface roughness in the range from Ra=0.01 to Ra=1.8µm. This was combined with two variants of work pieces with diameters Ø1 and Ø2 mm. Results confirmed established size effect theory for the cases with low surface roughness.
